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ABSTRACT 

Experimental and cemplementary CFD 

srsssss 

direct-connect and sea-level static configurations are compared with CFD predictions of the flowf e . 

INTRODUCTION 

Beeen, interns, in low c^Uei^eajee, 

3ssr« sisri ^ s 

s=s,-4K m as 

ctf ss x%sjssla - — * — ^ 

Mach numbers from zero to roughly two is the least understood. 

sdSSSSSjg 

Raman spectroscopy in conjunction with heat flux, step .. . access was designed and fabricated. 

,h0 FDNS 

EXPERIMENTAL 

FYPFR1MENTAL setup and run CONDITIONS 

A single rocke, based, optically accessible ai, augmented 

asa* - * i . - « 

respectively. 
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Secondary H 2 Converging 



Load Cell 


(a) Direct-connect configuration 



(b) Sea-level static configuration 
Fig. 1 . Rocket-ejector setups. 

rocket-ejector systems to. “ a^d 

length are both 35.0 in., whereas the 'Eternal wi It RBCC duct converges from 10.0 in. to an exit height of 

box was replaced with a two-dimensional open inlet. The inlet height is 8.52 in. and reduces to a.u 
of 10.0 in. 

_^.tt2KS3Br ff^jssSSmSwH: 

conditions include both stoichiometric rocket/afte u operating mixture ratio of the rocket 

rocket chamber pressure of 500 psia. In Table 1, for Case 1 °^atingm. i^ ^ jn ^ 

was four. The two cases differ in the amount of a'Mntroduced^'nto the iy • js ° defjned such that the G02 in the 

rocket plume depletes the GO 2 in the air stream, whereas ' . exhaust For these two cases, there is no 

ai, can bum mixture ratio was stoichiometric 

downstream introduction of GH 2 . For Cases J ana , F y bvpass ratio studied, which is defined 

The two conditions differ in the amount of air introduce , th „ ss ^0 case s the afterburner was operational and 

as the ratio between the airflow and total propellant flo ^_ humina with the G0 2 in the air stream. The inlet 

the amount of GH 2 injected was set to achieve stoichiometric bumi ing g^OO d Mach 19 at 40 ,000 ft 

geometry ot the elector used direct-connect tor s, mutating «*£• £ ,^sl™ aTth ^tesTed to. the Odegaard 
for a nominal 1000 psf dynamic pressure trajectory. identical rocket flow rates as Case 1 and 

“ 0— » “ *™ un ' ar e,ec,ed 

through the engine under typical operating conditions. 

The compact rectangular cresset* 

iSnfaj' "Hte Interna, dimensions o, the chamber section are 6.6 in. long. 3.0 in. 
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Table 1 .* Summary of flow conditions. 



V_// I UPlftVWM ■■■ » _ — — — 

Wide and 0 5 in tall The nozzle reduces to a throat height of 0.1 in. and expands to a height of 0.6 in. The rocket 
chtnbe?and converging/diverging nozzle sections are both actively cooled with water dunng each firing. 

Tho PR rr Hurt also features multiple locations for optical access to the flow. Window ports for quartz 

window location was fitted with a beam dump for collection of the transmitted laser beam. 

DIAGNOSTICS 

T . a ontira RRrr svstem is mounted on a load cell for thrust measurements and is equipped with multiple 

of the RBCC duct. 

_ .2 ® 

implemented for line measurements of the major species, viz. GHz G 2 '9 53 ^ nm ) was used as the 

mmmmmrnrn 
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Fig. 2. Schematic of two-dimensional gaseous oxygen/gaseous hydrogen rocket chamber. 
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Elevated Optics 

Fig. 3. Top view of Raman spectroscopy setup. 

a.-ra ss^HSSriSS 

duct. After the beam passed through a 1 m focusing ten s it ^ reflected down Wrougn ^ cen terline of the 

ICCD camera (12 bit dynamic range EEV CCD chip b /b P'*e ; y wgs used on|y at the f irst 

species specific bandpass filters with a f/1 .2 50 rnm ^ exit plane, ancf required 4x6 pixel binning for image 

window location, 2.5 inches downstream from the h H fi . te ‘ were requ j re d due to their higher signal 

analysis Bevond the first window, species specific 10 nm bandpass filters were requireo uue _ « “ 

collection effckmcy. and 4 x 1 pixel binninp was used For the warto hglh oHhe tosr 

peak wavelengths tor the Stokes vibrational Q-hranch tua senate tam GCVGH^GN d H o ^ 

«7 and 660 nm. respectively [7-9 For each l"Jft <£“£« 2 10^^TJ5“ra readout rate slowed 
computer for data storage and eventual anay ■ epronds of steadv state combustion. Using this 

acquisition to approximately 5 Hz. The test duration wa s^ 4 ^ or retained 

timing sequence, each fmng provided 15-20 ins an a neoi u regjo ® were not included in the averaging process, 

based on image quality. Images that had pixel saturation i y g window locations downstream of the 

The technique was applied for making species measurement i at the f.r^ four wnd^J^i air 

rocket nozzle exit plane, The goal .to «*ab£ .* on the mixing and 

individual species mole fractions and the overall gas temperature and pressure. 

S i =k i f i {T)Vi 

Si= Raman Signal Intensity 

ki = Signal Collection Constant 

f ‘(T) = Bandwidth Factor 

rjj = Species Number Density 

In terms of species’ mole fraction, 

Sj (2) 

j 

where P, Tand R are the pressure, temperature and gas constant, respectively. 
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duct. 


COMPUTATIONAL 


SOLUTION ALGORITHM 

FDNS is a general purpose, multidimensional, multi-species, viscous flow, pressure-based meting | flow 

Logarithmic law-of-t^wa.. and linear viscous sublayer velocity 
distributions. Details of the present numerical methodology are given by Ref 

tvd sTr : SS 

SSS Botff tf^direcLconnect an^sea-tevel static solutions solved the GQ2/GH2 combustion physics finite rate 
with a system of seven species and nine reactions [1 5]. 

GRID AND BOUNDARY CONDITIONS 

The computational domains consisted of one quarter ^ || 2' e,i ^S ir S"S' SlSt&JlSL 
Symmetry planes were used «" Lff?,5°"ones and the sea-level static grid contained 510.000 nodes 

- « -v- ■“— « >» ^ •" " 0d “ 

from becoming excessive. 

The direct-connect and seadevela^c consul £mains 
The direct-connect forward end was closed off and h PP oouivalent area square orifices. A subsonic fixed 

half of each of two of the circular air supply orifices, mod J straiahteners downstream of the air inlets were 

mass flow boundary was applied to the air supply onfic • am bient air The entrained air flow rate was not 

SSSft SaST?^ freestream boundary conditions specified on 

Sperimeter. Flow straighteners were not used in the test hardware so none were modeled. 

From the rocket nozzle exit through the remaindering jjjj and 

similar. The rocket engine internal flow k ® t noz2 | e e xit was set as a fixed inlet boundary 

sc^^'ot^^wX'trh^^let flcwy^ htech"^. |h® 
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Fig. 4. Calculated static pressure 
for direct-connect configuration, Case 3 (see Table 1 ). 

RESULTS AND DISCUSSION 

Resuds am presented end discussed tor the 

i * su " s are presen,ed slmul,aneously a " “ ,he ,l0 " 

field overview. 

FLOW FIFLD OVERVIEW 

Static presses (in aunospheres) and Mach .number ^JeT ThlXS 

contours in F^s. 4 and 5 lor the direcMonnect The effect of 

LX^XXX^Tf^Se on the left hand side of F*. 4. whereas the entrained air in Fi 9 . 5 is 

seen as relatively low speed and uniform. 

The rocket engine plumes are clearly yisi ble ^ the 

generally two-dimensional between the rocket en 9' n ® , . rise jn m j xer sections were coincident with the 

lections) Note the axial stations at wh.ch the pr^reb^anto nsem ^ rocket plumes show that 

S ^ SpS*!? SS, “ >ha'saa-h»s ' ^ ™ S **• ’*'** ** 

£ SSSyTX pressures in the forward half of the direchconnect meting section, 
bod, oases the Mach number contours indfcajo 

^rdXhoratr^S^&'S e*d Mach mtnmers were approximate* 0.6= and 
0.78 for the direct-connect and sea-level static cases, respectively. 

MAJOR SPECIES MO LE FRACTIONS 

sea-mvmXTa^X^ 






Fia. 5. OaJtuiaiuu oiauo r--- 

for sea-level static configuration, Case 6 (see Table 1 ). 
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Mole Fraction 

Fig. 6. Mole fraction comparison for direct connect configuration. Case 3 (see Table 1). 

a. a target chamber pressure of SOOpsia (*e* Table t). In ^ ul Bl.Tho«l“e'°seShb 

The experimental data (the lines with symbols) wi e '^® se for the secon ^j th j rc j a nd fourth window locations. 

angles. As Indicated in Table t thed^-co, c«e required additional 

Sgl^Tr^ 

* as ** ,na 

case required a mixing length about seven inches longer than the sea-level static case. 

The computed specie concentrations are shown as solidlines in Figs. 6 and7.^ ^ fifth 

concentrations matched the data fairly well at t e sec ^ * comoletelv mixed out The computed specie 
measurement location the computed concenwftons TS S at the second and third 

%ZX££& ^he S "d S^tSSI, S las, measured. location were no. complete,, 
mixed out. 
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Fig. 7. Mole fraction comparison for sea-level static configuration. Case 6 (see Table 1). 
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Pressure, Ibf/!nt2 





Table 2. Thrust and Up. 



ENTRAINED AIR 

i 1? =; ^ ^ ‘r a»r!,Hh^,T,h e 

computation is as of yet unexplained. 

STATIC PRESSURES 

The static pressure results for the flow ?ates for the 

respectively. The experimental data shown in both g nn int between the two tests is representative 

pocket engine and atteritumer. The ^ '* kMM. Noie .ha, 

Of the test-to-test variation. For each case, side and top wall throughout the entire RBCC duct, 

the higher air flow rate of the direct-connect case inc J^fiocafon that the specie concentrations indicated 

Both cases show a sharp rise in pressure at abou . th rouah the diffuser up to the injection of the 

significant mixing had occurred. The r '*® |Xlv due to the heat addition and subsequent acceleration of the flow. 

La atterbumer and then dropped rapid, y aa the ,k» accelerated ou, 

the nozzle 

The computed pressures generally agreed well the same location 

were caused by the direct-connect air inlets. In both cases the comp P slightly below that of the 

- 20 and 46 l ~ 

the direct-connect and sea-level static cases respectively. 

THRUST AN n SPECIFIC IMPULSE 

The experimental and computational * a !“ es *°[ ^f^’^hc'Ma'kMhe stari^preLure plots. For the 

LL m computed thrus, and I. resulted trom the h»o percent lev, 
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pressure in the aftertumer. The tarper errors in the computed thrurt and dea-kwe. <** "« ^ 

a result of the combined effect of the low air entrainment and low afterburner pressure. 

SUMMARY 

Raman soectroscopy was applied to study the mixing and combustion characteristics between the rocket 

exhau^Tume ahl'^stream STan opdoa»y^ssibte d^o^^et^or^m. E«— 

wer© conducted for both direct-connect and SLS configurations ppn analysis 

S£pSoS“uid dynamics analysis eras pertomted (or two specific test cases. The results ot the CFD analysrs 

compared favorably with the test data. 
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